Introduction {#Sec1}
============

*Zanthoxylum dissitum* Hemsl.(zanthoxylum), a commonly used medicinal plant in China, usually grows in the mountainous region of 500 \~ 1200 meters above sea level in southern China. Currently the natural resource of zanthoxylum has become diminished because of excessive utilization. Further, zanthoxylum is difficult to cultivate and has a very low germination rate in the natural conditions^[@CR1]^. Under laboratory conditions, the seeds of zanthoxylum seldom germinated and were usually soaked in 80% sulfuric acid for three minutes to remove shells easily before treated by gibberellins (GAs) to promote germination.

Germination incorporates the processes that begin with the uptake of water by the quiescent dry seeds, and finish with the elongation of the embryonic axis^[@CR2]^. Triacylglycerides (TAG) are usually stored in the oil body of seeds of plants. Generally, TAG mobilization provides germinating seeds with both carbon skeletons and energy^[@CR3],\ [@CR4]^. The β-oxidation of fatty acid involves reserve mobilization and developmental signaling during germination^[@CR5]--[@CR7]^. The β-oxidation generates Hydrogen peroxide (H~2~O~2~), NADH and acetyl-CoA. Not only is H~2~O~2~ potentially damaging as a result of oxidation reactions, but also is a potential signaling molecule involved in stress responses^[@CR8],\ [@CR9]^. H~2~O~2~ functions as a promoter of seed germination by oxidizing germination inhibitors and is vital for seed dormancy breaking during imbibition^[@CR10],\ [@CR11]^. ABA inhibits seed germination^[@CR12]^, and GAs promote seed germination in many species^[@CR13],\ [@CR14]^. Evidence indicates that the antagonism between ABA and GAs plays a key role in controlling seed germination^[@CR15]^. For example, GAs induce transcription of α-amylase in the aleurone layer of cereal seeds which is significantly suppressed by ABA^[@CR16],\ [@CR17]^. Brassinosteroids (BRs) function in growth and developmental events, including cell elongation, seed germination, and etc^[@CR18],\ [@CR19]^. BRs generally counteract ABA on root growth, seed germination, and possibly stomatal movement^[@CR20]^. Jasmonates (JAs) are essential signaling molecules modulating the plant response to biotic and abiotic stresses as well as several growth and developmental traits^[@CR21],\ [@CR22]^. JAs signaling antagonizes GA-mediated reduction of the DELLA protein^[@CR23]^. ABA and JAs have synergistic effects on seed germination, and seedling cotyledon expansion and establishment^[@CR24]^. The phenilpropanoid metabolism is another defensive mechanism^[@CR25]^. Some phenylpropanoids can polymerize to form defensive structures, such as lignin^[@CR26]^.

Our previous research showed that the germination rate of the GAs-treated seeds with shells removed was above 80%, but the water-treated seeds usually failed to germinate and decayed in the third day of germination. In this study, we constructed seven libraries including C0 (the seeds cold-stratificated for three months and shells removed) group, W1 (water-treated seed germinating for one day) group, W2 (water-treated seed germinating for two days, two biological repeats, W2.1, W2.2) group, GA1 (GAs-treated seed germinating for one day) group, GA2 (GAs-treated seed germinating for two days, two biological repeats, GA2.1, GA2.2) group. A high-throughput sequencing of mRNAs was performed. The expressions of the genes associated with early stages of germination were investigated to reveal the effects of the above treatments on the seed germination.

Results {#Sec2}
=======

The morphology in the early stage of germination of zanthoxylum seeds {#Sec3}
---------------------------------------------------------------------

The seeds of zanthoxylum were collected in Zhangjiajie, Hunan province in December 2015. The newly collected seeds were cold-stratificated for three months. After the shells were removed, the seeds were treated by GAs and distilled water before incubation. Our research showed that the water-treated seeds usually decayed in the third day of germination, while the GAs-treated seeds could continue to germinate. The results showed that there were few differences in the morphology between the water-treated seeds and GAs-treated seeds during the first and second day of germination. The radicle and hypocotyl of the GAs-treated seed germinating for three days broke through the seed coat, and had a visible stretch after germinating for three days (Fig. [1](#Fig1){ref-type="fig"}).Figure 1The morphology during the early stage of germination of zanthoxylum seeds.

Transcriptome sequencing and de novo assembly {#Sec4}
---------------------------------------------

The raw reads sequenced using RNA-Seq technique were further filtered by removing adaptors, ambiguous nucleotides and low-quality sequences to generate clean reads. After trimming the raw reads, there were 42.90 million, 44.00 million, 44.20 million, 39.69 million, 48.01 million, 43.06 million and 48.27 million clean reads generated from C0, W1, W2.1, W2.2, GA1, GA2.1 and GA2.2, respectively (Table [1](#Tab1){ref-type="table"}).Table 1Overview of the sequencing reads.SamplesC0W1W2.1W2.2GA1GA2.1GA2.2Raw read number43820348449619004522662040802038491350564426665249428050Clean read number42905020440090684420807239698792480160104306553848274642Raw read base pairs5477543500562023750056533275005100254750614188200055333315006178506250Clean read base5363127500550113350055260090004962349000600200125053831922506034330250Q20%96.20%96.15%96.19%95.78%96.16%95.74%96.00%Q30%92.27%92.22%92.25%91.43%92.26%91.41%91.93%GC%45.97%44.76%46.83%47.49%44.76%44.72%44.83%Q20: The percentage of bases with quality value larger than 20. Q30: The percentage of bases with quality value larger than 30. GC%: The percentage of proportion of guanidine and cytosine nucleotides among total nucleotides.

The clean reads obtained from the seven different transcriptome libraries were pooled and assembled using Trinity software. 100,982 unigenes were achieved with an average length of 636.41 base pairs and N50 of 944 bp (Table [S1](#MOESM1){ref-type="media"}). The size distribution of the unigenes was shown in Figure [S1](#MOESM1){ref-type="media"}. All unigenes provided a sequence basis for analysis of gene expression during the early stage of germination of zanthoxylum seeds.

Unigene annotation to public database {#Sec5}
-------------------------------------

56.59% (57,150/100,982) of unigenes could be annotated using the NCBI nr database, while 42,687 were annotated using the Swiss-Prot protein database. In addition, 19,536 and 35,922 unigenes could be annotated according to the Kyoto Encyclopedia of Genes and Genomes (KEGG) and Cluster of Orthologous Groups of protein (KOG) database, respectively. About 16.06% (16,220/100,982) of the unigenes had hits in all four databases (Fig. [2A](#Fig2){ref-type="fig"}). Based on the NCBI nr database, 75.87% of those showed strong homology (E-value \< 1e^−20^) to available plant sequences (Fig. [2B](#Fig2){ref-type="fig"}). As shown in Fig. [2C](#Fig2){ref-type="fig"}, 31,176 unigenes were annotated to 5 top-hit species. It was notable that 21,244 unigenes were annotated to *Citrus sinensis*, zanthoxylum and *Citrus sinensis* belonged to the rutaceae plants.Figure 2Characteristics of homology search of zanthoxylum unigenes. (**A**) Venn diagram of number of unigenes annotated by BLASTx with a cut-off E-value 1e^−05^ against protein databases. Numbers in the circles indicate the number of unigenes annotated by single or multiple databases; (**B**) E-value distribution of the top BLASTx hits against the nr database; (**C**) Number of unigenes matching the 20 top species using BLASTx in the nr database.

GO assignment was performed to classify functions of the predicted zanthoxylum genes (Figure [S2](#MOESM1){ref-type="media"}). KEGG pathway-based analysis helps to identify the biological pathways that are related to unigenes. In the top 20 annotation KEGG pathways, the pathways including metabolic pathways, ribosome, RNA transport, spliceosome, plant-pathogen interaction and plant hormone signal transduction were worth noting (Table [S2](#MOESM1){ref-type="media"}). To classify orthologous proteins, the assembled unigenes were compared against KOG. 35922 unigenes were clustered into 25 categories (Figure [S3](#MOESM1){ref-type="media"})

Identification of differentially expressed genes (DEGs) {#Sec6}
-------------------------------------------------------

To assess the normality of the RNA-Seq data in the seven digital gene expression tag (DGE) libraries, we calculated the distribution of unique reads in each DGE libraries (Figure [S4](#MOESM1){ref-type="media"}). This value was the ratio of the number of bases in a gene covered by unique mapping reads to the total bases in that from our transcriptome reference database. The distribution over different reads abundance categories showed similar patterns among all seven libraries. Above 60% of the sequences had a coverage of more than 80%. Next, we calculated the unigene expression using the uniquely mapped DGE fragments and normalized the results to fragments per kilobase million (FPKM). The results from the biological replicates (W2.1 vs W2.2, GA2.1 vs GA2.2) were highly similar (Figure [S5](#MOESM1){ref-type="media"}), suggesting good reproducibility of the method. The DEGs during the course of seed germination were explored by using DEGseq with the criteria of \|log2Ratio\| ≥ 1 and FDR ≤ 0.01. In total, the number of DEGs between two consecutive stages was shown in Figure [S6](#MOESM1){ref-type="media"}.

PC analysis based on differentially expressed genes {#Sec7}
---------------------------------------------------

We conducted a principle component analysis (PCA) on the gene expression data to summarize variation into the first two principal components to facilitate the comparison between the samples (Fig. [3](#Fig3){ref-type="fig"}). PC1 and PC2 represented 59.9% and 24.4% of total variability of unigenes expression, respectively. Interestingly, PC2 separated imbibition, as imbibed seeds (GA1, W1) appeared to have negative PC2 scores. However, PC1 separated germination and inhibited germination stages, as shown that germinating seeds (GA2.1, GA2.2) had positive PC1 scores while inhibited germination seeds (C0, W2.1, W2.2) had negative PC1 scores. W2 and C0 were clustered together, which suggested that the germination process was inhibited. W1 and GA1 were clustered together, which showed seeds were imbibed. The cluster of GA2 indicated that seeds germinated.Figure 3Principle component analysis of different germination stages based on the variation of the expression of differentially expressed unigenes.

Functional analysis of differentially expressed genes {#Sec8}
-----------------------------------------------------

To investigate the biological events that the DEGs are mainly involved during seed germination, GO term enrichments were conducted (Table [S3](#MOESM1){ref-type="media"}). The results showed that the oxidation-reduction, metabolic process and response to stimulus and stress were related to various physiological functions associated with the seed germination of zanthoxylum.

KEGG pathways enrichment analysis of up-regulated and down-regulated unigenes during imbibition was performed, respectively (Table [S4](#MOESM1){ref-type="media"}). The enrichment pathways of the up-regulated unigenes in the stage of C0-W1 involved many aerobic pathways including citrate cycle, glycolysis/gluconeogenesis, fatty acid metabolism, starch and sucrose metabolism, pyruvate metabolism, which differentiated from those in the stage of C0-GA1. The data indicated the aerobic metabolisms of the water-treated seeds were more active than the GAs-treated seeds during imbibition.

Considering oil-rich seeds of zanthoxylum, the oil metabolisms were further investigated. The *TAG lipase* (*UNIGENE0080821*, *UNIGENE0080823*) was highly expressed in C0/W1 seeds but lowly in the GAs-treated seeds. The expressions of the enzymes catalyzing initial reactions of β-oxidation of fatty acid including *long−chain acyl−CoA synthetase* (*UNIGENE0081657*, *UNIGENE0081658*), *acyl−CoA dehydrogenase* (*UNIGENE0064481*) and *enoyl−CoA hydratase 3−hydroxyacyl−CoA dehydrogenase* (*UNIGENE0078809*, *UNIGENE0078807*) were higher in W1 seeds than those in the GAs-treated seeds (Figure [S7](#MOESM1){ref-type="media"}). The richer mRNA of the above key enzymes indicated more active TAG hydrolysis and β-oxidation of fatty acid during imbibition of W1 seeds. The acetyl-CoA derived from β-oxidation of fatty acid were decomposed thoroughly in citrate cycle pathways. The expressions of the enzymes catalyzing the initial two reactions of citrate cycle including *citrate synthase* (*UNIGENE0072817*, *UNIGENE0072090*) and *aconitate hydratase* (*UNIGENE0085001*, *UNIGENE0085007*, *UNIGENE0085011*) were higher in W1 seeds than those in the GAs-treated seeds (Figure [S8](#MOESM1){ref-type="media"}). Our data strongly supported that more active oil metabolisms happened in the water-treated seeds, and also indicated that the exogenous GAs conduced to down-regulation of the oil metabolisms during imbibition.

We also focused on several important antioxidant enzymes, such as peroxidase (UNIGENE0037654), superoxide dismutase (UNIGENE0025883, UNIGENE0044110), catalase (UNIGENE0082845, UNIGENE0082846), L-ascorbate peroxidase (UNIGENE0022955, UNIGENE0059338), glutathione reductase (UNIGENE0067439). The data showed the expressions were higher in W1 seeds than those in the GAs-treated seeds (Figure [S9](#MOESM1){ref-type="media"}). The higher expression of antioxidant enzymes was response to peroxide accumulation in defense to the oxidative damages caused by active aerobic metabolism in W1 seeds. Seed 1-cysteine peroxiredoxin antioxidants are not involved in dormancy, but contribute to inhibition of germination during stress^[@CR27]^. Surprisingly, the expression pattern of 1-Cys peroxiredoxin (UNIGENE0031506) matched the seeds germination activity well. The expression of 1-Cys peroxiredoxin were the highest in C0/W2 seeds, but the lowest in GA2 seeds, which indicated the germination of W2 seeds was inhibited.

The enrichment pathways of the down-regulated unigenes in the stage of C0-GA1 and W1-GA1 involved RNA degradation pathway. The expressions of *CCR4−NOT transcription complex* (*UNIGENE0022101*, *UNIGENE0056383*, *UNIGENE0071262*) and *enhancer of mRNA−decapping protein* (*UNIGENE0027382*, *UNIGENE0085164*) were higher in W1 seeds than those in GA1 seeds. In contrast, the expression of *U6 snRNA−associated Sm−like protein LSm* (*UNIGENE0013171*, *UNIGENE0029527*, *UNIGENE0029526*) was higher in GA1 than that in W1 (Figure [S10](#MOESM1){ref-type="media"}). The CCR4-NOT complex is one of the major cellular mRNA deadenylases and is linked to various cellular processes including bulk mRNA degradation, translational repression during translational initiation and general transcription regulation^[@CR28]--[@CR30]^. In the process of mRNA degradation, the enhancer of mRNA-decapping protein plays a role in mRNA decapping^[@CR31]^. The U6 snRNA−associated Sm−like protein LSm plays a critical role in the regulation of development-related gene expression and is a component of LSM protein complexes which are essential for accurate splicing of selected development-related mRNAs through stabilization of the spliceosomal U6 snRNA^[@CR32],\ [@CR33]^. Our results indicated the mRNA degradation was less active but RNA processing was more active in GA1 seeds than those in W1 seeds, indicating GA1 seeds were in a favorable germination state.

Dynamic expression profiles of DEGs {#Sec9}
-----------------------------------

To get dynamic expression patterns of DEGs during seed germination, Short Time-series Expression Miner (STEM) software was performed to classify all the DEGs according to their abundance changes. The 42,453 DEGs were classified into 8 clusters according to their expression patterns (Figure [S11](#MOESM1){ref-type="media"}). Six significant expression profiles (profile 1, profile 2, profile 3, profile 4, profile 5, profile 6) were identified. As shown in Figure [S11](#MOESM1){ref-type="media"}, significantly different profiles were represented by different background colors. During the germination of the water-treated seeds, the most abundant group was profile 5, with 9741 genes whose expression showed a positive-negative slope. During the germination of the GAs-treated seeds, the most abundant group was profile 6, with 8896 genes whose expression showed a positive-zero slope.

Profile 5 and profile 6 were the two represented patterns. The GO functional analysis of profile 5 (water-treated seeds) and profile 6 (GAs-treated seeds) were listed in Table [S5](#MOESM1){ref-type="media"}. The comparison of above GO functional analysis suggested carboxylic acid metabolism, oxoacid metabolism, organic acid metabolism and oxidoreductase activity were important in the early stage of germination of zanthoxylum seeds. The significant enrichment KEGG pathways with the highest representation of the DEGs in profile 5 (water-treated seeds) and profile 6 (GAs-treated seeds) are shown in Table [S6](#MOESM1){ref-type="media"} and Table [S7](#MOESM1){ref-type="media"}. Interestingly, metabolic pathways, phenylpropanoid biosynthesis, phenylalanine metabolism, flavonoid biosynthesis, plant hormone signal transduction appeared in both two tables. These pathways involved in substance metabolism, hormone regulation, antioxidant capacity and resistance regulation played important roles during the process of seed germination.

Focused pathways and DEGs related to seed germination of zanthoxylum {#Sec10}
--------------------------------------------------------------------

We mainly focused on two pathways from above analysis, plant hormone signal transduction (ko04075 pathway) and phenylpropanoid biosynthesis (ko00940 pathway), which were involved in hormone regulation and resistance regulation. Every mapping KOID includes many homologous unigenes. According to the highest expression level of differentially expressed unigenes included in each KOID, three lowest levels of the filter thresholds of FPKM are selected: 100, 50, 25. By this means differentially expressed unigenes of three expression ranks are selected, which are helpful to investigate exhaustively the biological activity of pathways.

GAs function by means of removing the inhibitory DELLA proteins^[@CR34]^. GA-GID-DELLA complex induces the association of DELLAs with the SLEEPY1 (SLY1)/GID2 F-box protein, which leads to DELLA proteins to be ubiquitinated by SLY1/GID2 and then to be degradated by the 26 S proteasome^[@CR35],\ [@CR36]^. The expression patterns of *DELLA* (*UNIGENE0058867*, *UNIGENE0058868*), *GID1* (*UNIGENE0057493*) and *SLY1* (*UNIGENE0026724*) were similar between the GAs-treated seeds and water-treated seeds, which indicated that the effect of the exogenous GAs on GA signaling was not significant (Figure [S12](#MOESM1){ref-type="media"}).

9-cis-epoxycarotenoid dioxygenase (NCED) catalyzes oxidative cleavage of cis-epoxycarotenoid, which is the key step of the ABA biosynthesis^[@CR37]^. Catabolic inactivation of ABA is mainly controlled by (+)-abscisic acid 8-hydroxylase (CYP707A)^[@CR38]^. The expression of *NCED* (*UNIGENE0050269*) was lower, but that of *CYP707A* (*UNIGENE0077615*, *UNIGENE0077619*) was higher in W1/GA1/GA2 seeds (Figure [S13](#MOESM1){ref-type="media"}), indicating a declining trend of ABA content. Our data showed the high level of expression of *PP2C* (*UNIGENE0043472*, *UNIGENE0054032*) and the low level of expression of *PYL*(*UNIGENE0043531*, *UNIGENE0043532*) in C0 seeds. It was reported that the exogenous ABA induced the up-regulated expression of the *ZmPP2C16* and the down-regulated expression of the *ZmPYL3* ^[@CR39]^. We hypothesized the ABA content was rich in C0 seeds (Figure [S14](#MOESM1){ref-type="media"}). In general, the exogenous GAs contributed to the mitigation of germination inhibition by ABA.

*TCH4* and *CYCD3* are vital response genes which play important roles in BR signaling. *TCH4* expression is strongly influenced by environmental and hormonal stimuli and the encoded protein acts on a major component of the plant cell wall. *TCH4* is hypothesized to function in cell wall modifications in response to environmental stress and during morphogenesis^[@CR40]--[@CR42]^. *CYCD3* is capable of stimulating supernumerary divisions^[@CR43]^. The expressions of *TCH4* (*UNIGENE0068686*, *UNIGENE0044685*) and *CYCD3* (*UNIGENE0061155*) in GA2 seeds were the highest, which showed GA2 seeds were in the stage of growth and differentiation (Figure [S15](#MOESM1){ref-type="media"}). The data showed BRs signaling functioned later than the first day of germination.

In JAs signaling, MYC2 recognizes the promoter of its target genes and regulates different branches of the JAs pathway^[@CR44]^. MYC2 induces JAs-mediated responses such as wounding, root growth inhibition, JAs biosynthesis, oxidative stress adaptation and anthocyanin biosynthesis. JAZ proteins interact directly with MYC2 repressing its activity, which inhibits the JAs signaling pathway^[@CR45],\ [@CR46]^. The expressions of *MYC2* (*UNIGENE0075146*, *UNIGENE0057732*) and *JAZ* (*UNIGENE0035737*, *UNIGENE0044832*) in GA2 seeds were the highest, which promoted the anti-oxidative ability and defense ability against fungus infection during germination (Figure [S16](#MOESM1){ref-type="media"}). The data also showed JAs pathway functioned later than the first day of germination.

Reactive oxygen species (ROS) play important roles as signaling molecules in plant development and growth and are produced as a result of aerobic metabolism, or in response to stresses^[@CR47],\ [@CR48]^. At the apoplast, ROS can be produced by respiratory burst oxidase homologue (RBOH) proteins, while many proteins are involved in ROS signaling, including FLS2, EFR, BAK1, BIK1, cyclic nucleotide gated channel (CNGF) and calcium-dependent protein kinase (CPK)^[@CR49]--[@CR51]^. The genes associated with ROS signaling including *CPK* (*UNIGENE0071915*, *UNIGENE0074165*), *RBOH* (*UNIGENE0060805*, *UNIGENE0072166*), *CML* (*UNIGENE0030801*, *UNIGENE0033873*), *CALM* (*UNIGENE0081076*, *UNIGENE0081077*), *CNGF* (*UNIGENE0072270*), *FLS2* (*UNIGENE0066275*), these genes in GA2 seeds showed the highest level of expression (Figure [S17](#MOESM1){ref-type="media"}). The expression patterns implied that the GAs-treated seeds responsed to pathogenic fungi more efficiently in the second day of germination.

Phenylpropanoids involve the synthesis of lignin^[@CR26]^. Lignin is an important part of the cell wall and plays an important role in the growth and development of plants and against pathogenic microorganisms. The genes associated with lignin biosynthesis including *phenylalanine ammonia-lyase* (*UNIGENE0075422*, *UNIGENE0075421*), *shikimate o−hydroxycinnamoyltransferase* (*UNIGENE0063533*, *UNIGENE0065728*), and *trans−cinnamate 4-monooxygenase* (*UNIGENE0053141*, *UNIGENE0039601*) were highly expressed in W1 seeds, which implied lignin biosynthesis was more active in W1 seeds (Figure [S18](#MOESM1){ref-type="media"}).

According to the aforementioned genes, a cluster analysis of total differentially expressed unigenes was performed (Figure [S19](#MOESM1){ref-type="media"}). C0 and W2 were clustered into 1 class, with a similar expression pattern. W1 and GA1 were clustered into 1 class. The expression pattern of GA2 is related to W1 and GA1. The clustering heatmap suggested that W2 and C0 were in the inhibited germination state, GA1 and W1 were in the initial preparation stage of germination during imbibition, and GA2 was in the differentiation stage of germination. The cluster analysis showed that the effects of the exogenous GAs promoting germination were more apparent in the second day of germination.

Validation of differently expressed genes by qRT-PCR {#Sec11}
----------------------------------------------------

Twelve DEGs randomly selected were performed qRT-PCR to validate the RNA-seq data, They are isocitrate lyase(*ICL*, *UNIGENE0032088*), gibberellin 2-oxidase(*GA2ox*, *UNIGENE0045109*), 9-cis-epoxycarotenoid dioxygenase (*NCED*, *UNIGENE0050269*), abscisic acid receptor PYR/PYL (*PYL*, *UNIGENE0043532*), protein phosphatase 2 C (*PP2C*, *UNIGENE0047099*), glycerol kinase (*GK*, *UNIGENE0057496*), cyclin D3 (*UNIGENE0063918*), somatic embryogenesis receptor-like kinase (*SERK*, *UNIGENE0064764*), protein brassinosteroid insensitive 2 (*BIN2*, *UNIGENE0039997*), protein phosphatase 2 C (*PP2C*, *UNIGENE0056665*), respiratory burst oxidase (*RBOH*, *UNIGENE0072166*), 1-Cys peroxiredoxin (*PRDX6*, *UNIGENE0031506*). The results generated by qRT-PCR were compared to the data obtained by RNA-seq (Fig. [4](#Fig4){ref-type="fig"}). The reliability of the data obtained by RNA-seq was confirmed as the expression patterns of 9 DEGs by the two methods were similar.Figure 4qRT-PCR validation of DEGs during germination of zanthoxylum seeds.

Disscusion {#Sec12}
==========

Comparing W1 and GA1 seeds during imbibition, there were similar expression patterns associated with a series of favorable germination events, such as *DELLA* down-regulation expression, the up-regulation expressions of the genes associated with the declining trend of ABA content and ROS signaling, and the genes related to lignin synthesis and antioxidant system were even higher expressed in W1 seeds. Although the expression patterns were similar during imbibition, the germination of the water-treated seeds was interrupted and the GAs-treated seeds continued to germinate in the second day of germination.

Interestingly, the genes related to RNA degradation were highly expressed in the water-treated seeds, but the genes related to splicing of development-related mRNAs were highly expressed in the GAs-treated seeds during imbibition. We thought that the active expression of *U6 snRNA−associated Sm−like protein LSm* marked a favorable germination tendency during imbibition. According to our data, we hypothesized the oxidative damages occurred in the water-treated seeds and increased RNA degradation, but the exogenous GAs promoted splicing of development-related mRNAs, indicating the GAs-treated seeds were in a favorable germination state during imbibition. Besides, the exogenous GAs up-regulated the expression of the genes related to ABA reduction, BR signaling, JA signaling and ROS signaling, promoting the germination of the GAs-treated seeds.

The production of high levels of ROS induces synthesis of antioxidant compounds and enhanced detoxifying activities of ROS such as SOD, peroxidases and other antioxidant like phenolics compounds^[@CR52]^. More active lignin synthesis and antioxidant system mean more ROS product in the water-treated seeds during imbibition. H~2~O~2~ promotes seed dormancy breaking during imbibition^[@CR11]^. However, ROS excess is able to cause a rapid decline of embryo viability^[@CR53]^. We hypothesized H~2~O~2~ derived from β-oxidation promoted dormancy breaking, but H~2~O~2~ excess caused oxidative damages to the water-treated seeds during imbibitions, as a result the inhibitory factors of the germination including *NCED*, *PP2C*, *ABF*, *PRDX6* were up-regulated expression. Eventually, almost all of metabolic pathways were inactive transcription in the second day of the germination of the water-treated seed (Figure [S19](#MOESM1){ref-type="media"}).

Generally, very little lipase activity is detected in imbibed seeds prior to germination^[@CR54]^. Recently, it is also reported that the lipase activity is present in coffee seeds before imbibition and further induced by the germination process^[@CR55]^. An early study reports that defects in peroxisomal β-oxidation dramatically reduce germination frequency in some cases^[@CR56]^. TAG lipase, long−chain acyl−CoA synthetase and citrate synthase catalyze the initial steps of TAG breakdown, β-oxidation and citrate synthase, respectively. Impressively, TAG lipase catalyzes the first step of oil metabolisms. It is obvious that the down-regulated expressions of the above enzymes contribute to high efficient inhibitory of the oil metabolisms. As shown in Figure [S7](#MOESM1){ref-type="media"}, the genes including *TAG lipase* were significantly down-regulated in the GAs-treated seeds, indicating that the exogenous GAs had inhibitory effects on the oil metabolisms during imbibition. On the country, the genes were active expressions in the water-treated seeds, indicating the active oil metabolisms and lipid peroxidation during imbibition. As a result, the germination of the water-treated seeds was inhibited due to oxidative damages brought from ROS. For the oil-rich seeds to germinate successfully, it was vital that the oil metabolisms were strictly regulated, and more specifically, a low activity of lipase was necessary during imbibition. Besides, we estimated that the proportion of GA/ABA of the zanthoxylum seeds was not conducive to germination, H~2~O~2~ promoted to break dormancy in the natural conditions.

Many reports about the relationship between GAs and sugar metabolism show GAs induced α-amylase synthesis and its activity to promote sugar metabolism during germination. Generally, the activation of the glyoxylation cycle of seeds oil utilization playes an importance positive role during germination. But few studies involved the relationship between GAs and oil metabolisms in imbibed seeds. Our data showed this relationship should not be underestimated during imbibition of oil-rich seeds. In this regard, the exogenous GAs played the vital inhibitory role in regulation of the oil metabolisms during imbibition. Due to the short of GAs in the seeds, it was expected that a gradual decomposition of the thick and oily shells could slowly increase the seeds permeability of water and air, retarding effectively the oil metabolisms in the initial stage of germination in the natural conditions. Thus, the suitable H~2~O~2~ content broke the dormancy while avoiding oxidative damages to imbibed seeds.

Conclusion {#Sec13}
==========

We reported a comprehensive seed germination RNA-seq dataset of zanthoxylum generated by illumina paired-end sequencing technology. In total, 10,0982 unigenes from the seeds of zanthoxylum were assembled. The experimental data indicated the endogenous ABA of seeds was rich. The effects that the exogenous GAs promoted germination were apparent in the secong day of germination. Our results showed the key genes related to oil metabolisms such as *TAG lipase* and *long−chain acyl−CoA synthetase* were highly expressed in the water-treated seeds during imbibition. We hypothesized H~2~O~2~ excess derived from oil metabolisms caused oxidative damages and eventually up-regulated the expression of several inhibitory genes of germination such as *NCED*, *PP2C*, *ABF*, *PRDX6* during imbibition of the water-treated seeds. The exogenous GAs had inhibitory effects on the oil metabolisms to avoide oxidative damages to the GAs-treated seeds during imbibition. Because of the short of GAs in the seeds, the thick, dense and oily shell was indispensable to retarded effectively the aerobic metabolisms including the oil metabolisms and prevent oxidative damages in the initial stage of germination in the natural conditions.

Methods {#Sec14}
=======

Preparation of tissues for microscopic observation {#Sec15}
--------------------------------------------------

The seeds of zanthoxylum were collected in Zhangjiajie, Hunan province, in December 2015. The newly collected seeds were cold-stratificated for three months. The seeds were soaked in 80% sulfuric acid for three minutes to remove shells easily. After the shell removal, some seeds were collected and labeled as C0, others were surface sterilized by washing in a 5% v/v solution of sodium hypochlorite (10--14% w/v available chlorine), then, soaked in gibberellins solution (1% w/v) for three and a half hours. Seeds were soaked in sterile water and used as control. Conditioning of the seeds took place on two sterile circles of filter paper, saturated with sterile double-distilled deionized water, in 9 cm perspex Petri dishes. Afterwards, the seeds were incubated in a controlled environment (day temperature 18 °C, night temperature 10 °C, day 16 hours, light intensity at bench level of 103 Wm^−2^). The water-treated seeds incubated for 1 day were labeled as W1, the water-treated seeds incubated for 2 days were labeled as W2, the GAs-treated seeds incubated for 1 day were labeled as GA1, the GAs-treated seeds incubated for 2 days were labeled as GA2. Seeds were fixed in FAA (50% alcohol: acetic acid: formaldehyde solution = 89: 6: 5) immediately after dissection, and stored at room temperature. Samples were washed in 50% alcohol, dehydrated using an ethyl alcohol series, cleared in xylene and embedded in paraffin wax. The specimens were sectioned to a thickness of 8 μm. Sections were stained with hematoxylin. Images were taken using an OLYMPUS BX-51 imaging system.

Library construction and RNA-Seq {#Sec16}
--------------------------------

Total RNA was extracted using Trizol (Invitrogen, CA, USA), then incubated with RNase-free DNase I (Takara Bio, China) for 30 min at 37 °C to remove residual DNA. Quantity and quality of total RNA were assessed using NanoDrop 2000 (Thermo Scientific, Wilmington, DE, USA) and RNase free agarose gel electrophoresis. mRNA was purified using oligo-dT beads (Qiagen). Fragmentation was carried out by adding fragmentation buffer. First-strand cDNA was synthesized using random hexamer-primed reverse transcription. Second-strand cDNA was subsequently synthesized using DNA Polymerase I and RNase H. To select cDNA fragments at a preferential length about 150 bp to 200 bp, fragments were purified using a QIAquick PCR extraction kit. After washed with EB buffer, the gathered fragments were ligated to sequencing adapters. Then, PCR was performed to construct the final cDNA library. Finally, PCR products were purified and library quality was assessed on Agilent Bioanalyzer 2100 system. The seven cDNA library sequencing was carried out with Illiumina HiSeq. 2500 RNA-Seq (Illumina, San Diego, CA, USA) using the paired-end technology by Gene Denovo Company (Guangzhou, China).

De novo assembly and functional annotation {#Sec17}
------------------------------------------

Clean data was obtained by removing low-quality reads with adaptor or ambiguous bases ('N' \< 10%), as well as all reads with more than 50% nucleotides that had Phred quality scores \< 5. The high-quality reads were mapped to ribosome RNA (rRNA) to identify residual rRNA reads, the rRNA removed reads were clean reads. Then all clean reads of the seven libraries were jointly assembled into unigenes employed by Trinity software. Without a reference genome for zanthoxylum, a k-mer value cutoff of 25 was used after removing redundant nucleotide sequences by Tgicl (v2.1, <http://sourceforge.net/projects/tgicl/files/tgicl%20v2.1/>). The assembled unigenes were searched against the Nr (NCBI non-redundant protein sequences), Swissprot, COG (Clusters of Orthologous Groups of proteins), and KEGG (Kyoto Encyclopedia of Genes and Genomes) database using BlastX with an E-value \< 10--5 to predict protein sequences, possible functional classifications and molecular pathways. GO annotation was performed with Blast2GO (https://www.blast2go.com/) and GO functional classification was carried out using WEGO (http://wego.genomics.org.cn/).

Analysis of enrichment and dynamic expression profile of DEGs {#Sec18}
-------------------------------------------------------------

The unique-match fragments were normalized to FPKM (fragments per kb per million reads) for gene expression analysis. DEGs between the two libraries (C0_vs_W1, W1_vs_W2, C0_vs_GA1, GA1_vs_GA2) were identified using DESeq R package(3.1.0). The p values were adjusted using Benjamini and Hochberg's methods for controlling for the false discovery rate. In this experiment, DEGs between above libraries were restricted with p \< 0.05 and the absolute value of log2 Ratio ≥ 2. Go enrichment analysis and KEGG pathway enrichment analysis of DEGs were performed using GOseq and KOBAS with p ≤ 0.05, respectively. Go enrichment analysis and KEGG pathway enrichment analysis based on Wallenius non-central hyper-geometric distribution model and hyper-geometric distribution model, respectively. DEGs were clustered by STEM^[@CR57]^ with p-value ≤ 0.05, which indicated the clustered profiles were significant.

Validation of RNA-Seq results by qRT-PCR {#Sec19}
----------------------------------------

Twelve differentially expressed unigenes selected randomly were performed qRT-PCR: *ICL*, *GA2ox*, *NCED*, *PYL*, *PP2C*(two homologous unigenes), *GK*, *cyclin D3*, *SERK*, *BIN2*, *RBOH* and *PRDX6*. The extracted RNA of the seed samples (described above) were converted into cDNA using PrimeScriptTM One Step RT-PCR Kit Ver. 2 (Takara, China). The cDNA was 10 × diluted and used as templates for qPCR. Primers for qRT-PCR were designed using Primer Premier 5.0 software and synthesized by Sangon Biotech Co., Ltd (Shanghai). The zanthoxylum homologue actin was selected as reference. All the primers were shown in Table [S8](#MOESM1){ref-type="media"}. qRT-PCR was performed on a Applied Biosystems 7500 Real-Time PCR System (ABI, USA) using a SYBR Green based PCR assay. Each reaction mixture was 10 μL containing 3 μL of diluted first-strand cDNAs and 125 nM of each primer, SYBR Green PCR Master Mix (TaKaRa, China) 5 μL. The two-step qRT-PCR was performed as follows: 95 °C for 30 s, followed by 40 cycles of 95 °C for 5 s, 57 °C for 30 s in 96-well optical reaction plates (ABI, USA). Each qRT-PCR analysis was performed in triplicate. Expression levels of the tested reference genes were determined by CT values and calculated by 2^−ΔΔCt^.
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